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Kicrostructural Development and Evolution
During Liquid Phase Sintering

Final Report to Army Research Office
Grants Nos. DAAG29-77-G-0235

DAAG29-79-C-0153

Principal Investigators: T. H. Courtney and J. K. Lee

I. Introduction T ,

The objective of the research supported by these grants is to clearly de-

fine the strCictural and chemical factors influencing the scale and contiguity

of the solid phase present during liquid phase sintering (LPS). Because of

complexities attendant with initial densification in such materials, we have

studied scale and contiguity in alloys sintered for times in excess of those

required to achieve full density. By so doing, we feel we have been able to

more clearly delineate the important physiochemical and geometrical param-

eters affecting microstructural development and evolution.

Optimum mechanical prcperties of LPS alloys are generally associAted

with I) a high volume fractiol (V ) of the phase remaining solid during theP

sintering process, 2) a fine structural scale of this phase, and 3) low con-

tiguity of the solid phase. The first two of these features are associated

with increased strength and hardness of the alloy whereas the latter is usu-

ally associated with improved fracture toughness. In the presentation follow-

ing, we discuss the iriterrelatiorships oetween those three structural teatures.

Much of the work described has been published or submitted and will be pre-

sented in a summary type manner without detailed discussion. The work that

has not yet been submitte-d for publication will be presented in cireater de-

tail.

In addition to increases in fracture resistance associated with low

do i n-" '. . . . ".. .. . . . in I n m .. . .. III n
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solid phase contiguity in LPS alloys, low contiguity also has potential use

in subsequent materials processing. We have attempted to capitalize on this

by mechanical production of fibrouslike composites directly from LPS alloys

of low solid phase contiguity. We have had some success in this regard in

the sense that we have produced strong ultrafine fibrouslike composites of

iron in copper by extensive mechanical deformation of LPS alloys. We do not

know yet just what structural features (V , contiguity, etc.) allow for such
p

deformation, nor do we know in detail the relative contribution of the vari-

ous hardening mechanisms (cold work, fiber, size effects, etc.) to the

strength of the materials so produced. Because of this, no papers have yet

been published in this area but we do have a reasonable amount of data on

hand and these, along with our present interpretation of their meaning, will

be presented in reasonable detail in this report. The report itseif is di-

vided into two categories: 1) "Microstructural Development and Evolution"

(the area in which we have spent most of our time and effort), and 2) "Me-

chanical Processing of Liquid Phase Sintered Alloys."

If. Research Accomplishments

A. Microstructural Development and Evolution

As a result of extensive experimental studies on tho Fe-Cu (1,2)

the W-(Fe-Ni-W)(2) and lesser work on the MgO-(MgCaSiO4 ) systems (2), we be-

lieve we have demonstrated thlat particle contacts occur sufficiently fre-

quently during LPS so that psical and ch,e:nical features of the system play

a secondary role in deLermining particle contiguity. Instead V is the m,'n

factor in determinin solid phase contiguity. This is shown in Fiq. I where-

in the nunber of pirtici,-particle contacts inl a two-dimensional piLane of

polish, C ,* a moa:;ure ;anrticlU coitiL.Itv, plotted as a function of V

'In dete r irii i . ''i , i, i i clo contact s, iirtictL eoalsc ice is taken int.,

account I, it i tr I i i ;Lun :n, two r 'art ci es hve fused into one when th, ri-
tio of th tW.'-die:i; in1 I t.ck Ijtw.cn the art c ,s to the two-dimisllah

radius of th, .lr o! the contactin pa1rtcle e:, Cxcee,,ds two-th1Ird;.
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for the several LPS systems studied. The solid line shown in Fig. i is obtained

through a numerical simulation applied to a nonwetting system. That is, for

the alloys studied, the reduction in C obtained in comparison to the solid

line represents the effect of wetting on Cp . Values of C shown are "steadyP p

state" values. That is the values shown are ones obtained over a broad range of

sintering times. Moreover, the C values are also independent of the sinter-p

ing temperatures employed in this study. That a steady state microstructure

is obtained is not surprising for a microstructure in which only the scale

and not the contiguity changes with increased sintering time is not only phys-

ically appealing but is also plausible based on theoretical grounds. On the

other hand, that C is independent of sintering temperature is somewhat unex-P

pected and what is especially intriguing is that contiguity is system inde-

pendent, depending only on V . In essence, these data signify to us that fre-p

quency of interparticle contact is sufficiently high so that the structural

feature, V , determines contiguity to a much greater extent than & the dif-P

fering physiochemical characteristics of the studied systems.

What causes particles to make contact during liquid phase sintering?

Neglecting thermal convection (presumably absent in our studies) we can think

of two reasons: particle Brownian motion and gravity induced contacts (3).

Calculation and experimental observations (1) lead us to believe that, except

for very fine particle dispersions (particle size at least less than I nm),

gravity differences between the liquid nd solid account for most particle

contacts. Since a three-dimensional skeletal type structure of the solid ob-

tains when C 0.75 (1), gravity induced preferential migration of one phase
p

will not lead to appreciable macrosegregation in the systems studied (,et

Fig. 1). However, when V is sufficiently low, perceptible settling of LPS

compacts occurs. From a technological processing point of view, therefure,
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establish jent of solid state contiguity is beneficial since it prevents macro-

segregation from occurring on the same time scale as sintering.

There still remains a dichotomy in LPS alloys. That is, in common with

almost all LPS systems, the alloys we studied are "wetting" systems. Yet ap-

parently subsequent to densification solid particles move about within the

liquid and collide. A collision which leads to a particle contact is a priori

evidence of a local reduction in the surface energy, i.e. the solid surfaces

making contact do not fvlZill the wetting condition. Since, on a macroscopic

scale, the system is wetting, we have assumed that the boundary between two

solids that stick subsequent to a collision is a low angle, low enery grain

boundary. In order to obtain an estimate as to the frequency that a particle

collision will lead to a low angle boundary being formed, we performed a sim-

ple analysis based on probabilistic considerations (4). In effect, we assumed

the surface of a spherical particle to bo comprised a large number of specific

crystallographic planes. The exact number of planes on the surface is related

to the width of the energy cusp at a low angle boundary. If the width of the

cusp is small, the number of planes on the surface is assumed to increase.

The probability of a given collision leading to a low angle boundary is re-

lated to the square of the fractional surface area occupied by {hkl) planes,

multiplicity being explicitly considered. For example, the probability of

[123} planes making contact is proportional tc the square of the surface area

of the sphere belonging to all planes of the {123} type. The total coales-

cence probability, Pc' is then obtained by summing up over all planes on the

surface. The above procedure dtlscribus the basis for calculation of P byc

the "finite orientation counting" method (Fig. 2). Monte Carlo simulation

was also used to model this procuss and tlh results of this procedure, along

with a simple derived analytical relationship, are also shown in Fig. 2. At
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2ySL
low values of the parameter e (= - where = solid-liquid surface en-YSS S

ergy, y = high angle grain boundary energy and p = width of energy cusp),

applicable to most LPS systems, the results of all three methods of calcula-

tion are essentially equivalent. Although the results of such an approach

are only as good as the approximations utilized, we believe they are useful

in defining how structural (0) and chemical (y SL/YSS ) features affect Pc

Moreover, we believe the numbers calculated serve as an order of magnitude

estimate on P and, in this regard, are important in that P is low ( 10- 3
c c

for a "typical" LPS system. That a large number of sticking contacts is made

even with small values of P is further indirect evidence that a large number
c

of contacts is made during LPS.

This theoretical result served as the basis for an experimental study,

the results of which, to dace, are unfortunately ambiguous. Specifically, we

have taken our liquid phase sintered alloys and are attempting to find the

orientation relationships between particles that have coalesced during the

sintering process. This is being pursued by electron channeling analysis of

adjacent grains. There is, as far As we are F-;.are, one micrograph in the

literature (5) which supports our main contention and utilizes the channeling

technique and therefere sujgests we are on the right track. However, as noted,

our results are ambiguous and, in the last part of this section, we present

recent results which suggest the cause of this ambiguity.

Microstructural scale depends on two processes. One, Ostwald ripening,

tefers to the process wherein mass is transferred, through the liquid, from .a

smaller than average size particl- to one with a size greater than average.

During the process, the solid-liquid interface area continually decreases and

when the small parti-le is djssolvrI, tl.w seetem has "lost" one particle.

The other process is coalescenco-fuslen. After a contacting collision is
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made, mass is transported, again through the liquid, from the circumferences

of the contacting particle to the neck at the contact point. During this

process, surface area is also continually reduced and, when the neck is "filled

in," a particle is also removed from the system. Both processes operate con-

currently and hence both contribute to microstructural coarsening. If S is
v

the particle-liquid interfacial area per unit volume (note that for a given

V p, I/Sv is a measure of particle "size," r), the time variation of S can be

expressed as (1,2)

1 1 = 1 t
3  3 3 T

S S 27V cv vo p

where S is the original particle-liquid interfacial area per unit volume.vo

The time constant, Tc, in general incorporates both coarsening processes. If

Ostwald ripening alone is dominant then T = T , the Ostwald ripening timec or

constant. On the other hand, if both Ostwald ripening and coalescence-fusion

contribute substantially to coarsening T= T - /T +T here T is the time
c or orf f e f

constant for the coalescence-fusion process. A theoretical basis for the V

dependence of T (6) and Tf (1,7) has been developed. Figure 3 shows the Vor fp

dependence of the experimentally measured values of T for the Fe-Cu system
c

along with the expected variation cf T and orT f/T or+Tf with V . In con-or f orf p

structing these curves, one datum point, at V = 0.40, has been force fittedp

to the T curve. Even though force fitting of one datum point is not appeal-
or

ing, the data clearly illustrate that the V dependence of T is much greaterp c

than the expected dependence of T or the time constant for parallel pre-or

cesses on V . Hence we conclude that a transition in the coarsening mechan-
p

ism occurs at V = 0.40. for values of V less than 0.40, 6stwald ritt n-
p p

ing is the main contributor to ccars..ning. For values of V in excess of
p

this, both Ostwild ripening and coaluscence-fusion contribute to coarsening.
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This interpretation is reinforced, moreover, by the fact that the transition

occurs in the vicinity of V Z 0.40 which corresponds approximately to a trans-
p

ition from a skeletal, contiguous solid phase to an isolated one (1). This

situation is not unique to the Fe-Cu system as is shown in Fig. 4 which in-

cludes measured values of T for other systems (2). The precipitous decreaseC

in T with small increases in V in the region where a skeletal structure isc p

forming rapidly is theoretically consistent only with a transition in coarsen-

ing mechanism. Hence we conclude that increases in V in LPS alloys not only
p

lead to incrdases in contiguity but coarser microstructures as well. From

this we can state that the desirous aim of producing high volume fraction

solid phase composites with low contiguity and fine scale is basically fight-

ing against nature. Success in so doing can come about only as a result of

creative thinking and/or serendipity.

Ostwald ripening and coalescence fusion are driven by the same thermo-

dynamic driving force and controlled by the same kinetic processes. Only the

local and microscopic geometry affect the rates of these processed differently.

The kinetic factors controlling coarsening in each are the solubility of the

solid phase in the liquid and the temperature; the latter does so through the

inverse temperature dependence associated with all kinetic processes and

through the temperature variations of the liquid diffusivity. The wide system-

to-system variation of T illustrated in Fig. 4 can be partially removed by ac

normalization process which takes into account these factors (2). This is

done in Fig. 5. The remaining scatter in the data is due to system-to-system

variation in the solid-liquid surface energy and by the approximation of the

effect of temperature on the diffusivity by a simple superheat term (AT/T m).

(Implicit in the normalization procedure is the reasonable, although not cor-

rect, assumption that liquid diffusivities are the same at the melting tempera-
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tures.) The results discussed to this point are either published or soon to

be so. As a result this summary has been fairly cursive and the manuscripts

which describe the data, experimental procedure and details of analysis in

considerably more depth are listed in the appendix.

In concluding this section, we discuss some recent results which we feel

are of interest and offer some potential for development of isolated struc-

tures. These deal with nonisothermal sintering in Fe-Cu. Specifically, we

have found that by sintering first at a high sintering temperature and subse-

quently at a lower one, particles that have coalesced at the higher tempera-

ture are fragmented by liquid penetration on exposure to the lower temperature.

Optical microscopic examination of specimens sintered only at high tempera-

tures leads one to believe that the solid particles consist of several grains

at most. Yet the low temperature treatment indicates that each particle con-

tains many grains, the boundaries across which are apparently low energy since

they are difficult to discern by conventional preparation techniques and their

apparent 1800 dihedral angle where the boundaries originally intersected the

particle surface. Thus we currently feel that our difficulty with electron

channeling has been a direct result of simultaneous beam focus on several of

the "grains" as well as not focusing on truly adjacent grains. We are plan-

ning now on focusing on adjacent grains which have become delineated as a re-

sult of the low temperature sintering treatment. Finally, we wish to note

that the double heat treatment allows the possibility of producing isolated

microstructures in fully dense systems by following a high temperature treat-

ment with a low one. Whether such a procedure will serve its purpose depends

on the time scale of fragmentation versus subsequent coalescence at low tem-

peraturq. If the time required for fragmentation of the crystals at low tem-

peratures is less than the time required for subsequent coalescence the pro-

cess should be feasible and, if vice versa, not feasible. We are presently
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conducting such follow-up experiments.

B. Mechanical Fabrication of Fibrous Composites
from Liquid Phase Sintered Alloys

Results from studies of LPS Fe-Cu alloys indicated that "isolated"

solid structures can be developed in LPS alloys whiph contain minor iounts

of the Fe-phase. However, production of such alloys is difficult because of

gravity segregation attendant with the formation of isolated structures. How-

ever, since iron and copper are mechanically compatible in the sense they can

be deformation processed to large strains without fracture of either constitu-

ent, deformation processing of isolated LPS alloys in this system offers the

intriguing possibility of producing relatively high strength fibrous comkpos-

ites in an economical and straightforward manner. Hence we investigated the

processing and properties of such materials in Fe-Cu alloys containing ca.

10-15 vol.% Fe.*

We have produced starting materials for these composites by two differ-

ent techniques. The first involves "gentle" arc melting of appropriately

blended powder of iron and copper. The temperature can vary from the system

peritectic to the liquidus and the resultant microstructure consists of vary-

ing amounts of spherical and dendritic iron particles. To produce a consist-

ent blend of these two types of particles by melting at a temperature below

the liquidus requires temperature control not readily achieved in arc melting.

On the other hand, the vigorous stirring action of the arc prevents segrega-

tion from occurring on any macroscopic scale. We also have produced such

materials by "airectional liquid phase sintering" wherein appropriate powder

blends are inserted in alumina tubes and drawn through an induction heating

*This cdmposition range does produce isolated structures and so wke started
originally with these compositions. However, we suspect that hiqhcr volume
fraction Fe alloys can also be produced in the same manner provided the Fe
phase is discontinuous.
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coil. Temperature control is much better in this process. However, if the

liquid zone is too great in extent, gravity segregation over distances compa-

rable to the extent of this zone can, and does, occur. In summary, the arc

melting technique prevents segregation at the expense of particle shape con-

trol whereas the situation is vice versa with directional liquid phase sin-

tering.

Alloys so produced can be readily swaged and drawn to fine sizes. Our

original studies were conducted as part of Dennis Werth's bachelor project.

Yield strengths of alloys so processed are shown as a function of deformation

strain in Fig. 6 which also includes similar data for commercially pure copptr

and data from Bevk et al (8) in Cu-Fe and Cu-Nb alloys originally produced by

a somewhat more cumbersome casting technique. As indicated therein, yield

strength seems to increase significantly beyond a certain critical deforma-

tion strain. In subsequent work we have attempted to define the strengthen-

ing mechanisms in composites of this type. In addition to the explicit de-

pendence of volume fraction of iron on composite strength, work hardening

(of both species), fiber size and spacing effects on strength of the Fe and

Cu respectively, and the interaction between size and work hardening must be

considered. Additionally, significant microstructural changes may occur par-

ticularly in the "single crystal" iron particles as they are processed. We

are currently investigating these effects by controlled thermomechanical pro-

cessing and recent results are shown in Table I. Tensile strength is a con-

venient and useful measure of strength in these composites for at least two

reasons. First, it is reasonably close to the yield strength since uniform

elongation is ca. 2% or less.* Second, because of the limited ductility,

*It is a't least a little surl risinq that th':n;e materials which demonstrate
so little tensile eloniation art (:apable ot uxtensive mechanical working
under multiaxial (including compresslvel stress states.
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yield strength is not as reproducible from sample to sample as is tensile

strength.

We chose to investigate strengthening mechanisms in two ways. First,

direct microscopic evidence of structural changes occurring during working is

necessary to qualitatively evaluate the importance of, say, work hardening

vis-a-vis size effects, and their interaction. This work is continuing.

Second, we can phenomenologically relate strength to processing variables.

As an example of this latter approach, tensile strength (at a fixed volume

fraction of Fe) can be fitted to an equation of the form

TS=KcEn c F+Kdd_1/2 +C (2)TS = KcF c  d 0'

where the first and second terms in Eq. (2) represent (independent) work

hardening of both species and the third term represents size effects. With

the limited data available, the results of one (not necessarily the optimum)

such curve fit of the data to Eq. (2) are shown in F'g. 7 where the experi-

mental and calculated values of tensile strength are compared.** The col-

umns c' I and C in Table I represent, according to the derived equation,
n

the "independent" contribution of copper (K c ), iron and size effects to

the composite strength. According to this model, iron is primarily respons-

ible for the increased composite strength. While the calculated values of

tensile strength are within 5%, at worst, of the observed values, we do wish

to note that such "curve fitting" is only supplementary to structural stud-

ies and that confirmation of, say, the importance of iron in strengthening

the composite awaits such information.

*In deriving this relationship, it was assumed that a 400 0C anneal effec-
tively "recrystallized" the copper but not the iron whlch only "recrystal-

lizes" after an 8000 C anneal. The values of e listed in Table I are based
on this hypothesis.
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Conclusions

In concluding, we reiterate that we feel the main contribution of our ef-

forts has been in identifying and clarifying conditions for development of

contiguity and determination of the scale of liquid phase sinteLed materials.

In particular, particle contiguity is essentially only a function of particle

volume fraction because of the frequency of (presumably gravity induced) par-

ticle collisions during sintering. Microstructural scale is also adversely

effected by contiguity. Hence restriction of contiguity and scale can be

affected by reducing the latter by 1) production of a "full wetting" system,

2) "trick processing" such as dual isothermal heat treatment, or by 3) reduc-

ing substantially the density differences between the solid and liquid phases.

In this regard, our current plans include establishing the structural basis

of our assumptions by electron channeling of coalesced particles and system-

atically altering the density differences between the solid and liquid phases

during liquid phase sintering.

Our conclusions on the strengthening mechanisms associated with mechan-

ically processed liquid phase sintered alloys are considerably less firm and

will be the subject of further work. Although we feel we are on "the right

track" in defininri such mechanisms, considerably more experimental data and

structural analysis are n.-ce-sary to clearly define the respective mechanisms.

Additionally, we plan on defining tie role of solid phase contiguity and vol-

ume fraction on the possibility of producing such materials by deformation

processing.
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